We postulated that gene fusions sometimes occur in normal cells as a result of gene rearrangements as have been observed involving oncogene loci in tumours. To test this, we searched for fusion-gene transcripts in selected human T-lymphocyte large deletion mutations of the hypoxanthineguanine phosphoribosyltransferase (hprt) gene using the 3' rapid amplification of cDNA ends (RACE) technique. Aberrant /i/ut-containing transcripts were observed in seven out of 19 mutants (-36%) indicating that a surprising number of these rearrangements code for processed mRNAs. RNA splicing and polyadenylation occurred downstream of the non-deleted hprt sequence in chimeric transcripts and the majority resulted from mutants with fusions of hprt into regions containing a repetitive element (Alu, LINE or microsatellite).
Introduction
Interrupted oncogene loci are repeatedly observed at the breakpoint junction(s) of tumour cell DNA rearrangements (reviewed in Rabbitts, 1994) . The results of such rearrangements can be tumourigenic fusion or truncated onco-proteins in which the oncogene is juxtaposed with a second gene locus or with a polyadenylation signal, respectively. Oncogene fusions and truncations may represent extremely rare mutations which are commonly observed in tumours only because they are selected by neoplastic progression. Alternatively, gene fusions and truncations may occur commonly among rare gene structural mutations in normal cells (i.e. non-tumour cells) at all or many gene loci. The extragenic breakpoints in such cases must occur within a second gene locus in the same orientation 5' -» 3' to the first or upstream of a cryptic polyadenylation signal. Otherwise, the transcript is expected to be unstable (Figure 1 ).
Rapid amplification of cDNA ends (RACE) is a singlesided polyerase chain reaction (PCR) technique used to amplify transcripts for which only a portion of the mRNA sequence is known (Frohman et al., 1988) . Golub et al (1994) demonstrated that RACE can be used to PCR amplify an identified chimeric mRNA resulting from a gene fusion (Golub et al, 1994) . We demonstrate further that RACE can be used to screen for potential fusion and truncated mRNAs in mutant clones containing a DNA structural rearrangement. The mutant clones utilized in this study were recovered using the hprt clonal assay which measures the frequency of hprr human Tlymphocytes in peripheral blood (Albertini et al, 1982) . The mutation in each hprr clone is then characterized by Southern blot and/or PCR (Nicklas et al, 1989; Gibbs et al, 1990; Recio et al, 1990) . The study of human mutation at an endogenous selectable locus such as hprt avoids the strong ascertainment bias inherent to the study of tumour cell rearrangements. All DNA changes which compromise HPRT protein function are selectable (Albertini et al, 1982) . In this study, we searched for hprt fusion or truncated transcripts in mutant clones which had previously been characterized as 3' terminal deletions (i.e. 5' cis elements and at least exon 1 were still present in genomic DNA but at least exon 9 and 3' elements were deleted) using the 3'RACE technique. To our knowledge, this is the first demonstration that chimeric transcripts occur in otherwise normal cells at a detectable frequency.
Materials and methods

T-cell mutants
Human peripheral blood T-lymphocyte hprt large deletion mutants were recovered using the hprt T-cell cloning assay (Albertini et al., 1982) , or a human T-cell in vitro mutation assay (O'Neill et al., 1990b) . Mutants were recovered from a variety of exposed and non-exposed (i.e. normal) male individuals. Locations of intia-hprt breakpoints were previously characterized by Southern blot, and external breakpoints were previously mapped to Xq26 genomic positions by pulsed field gel electrophoresis (Table I) . TK6 Blymphoblastoid hprt mutant clones were recovered using an in vitro mutation assay and were characterized previously by DNA sequence analysis by Phillips et al. (1995) . They were generously provided for this study as control mutants by Dr E.Phillips (Harvard School of Public Health, USA).
Rapid amplification of cDNA ends (RACE-PCR)
RNA (~0.1 ng) was reverse transcribed in a final concentration of 20 mM Tris-HCl (pH 8.4), 50 mM KC1, 2.5 mM MgCl 2 , 100 ng/ml bovine serum albumin (BSA), 10 mM dithiothreitol (DTT), 500 uM each of dATP, dCTP, dGTP and dTTP, 50 nM of primer RoRidT (5'-TGCCACGCCACGACTAT-CATGCAGCGTCGCCAGCGT ]7 -3') and 200 U reverse transcnptase (RT) (superscript II, Gibco-BRL, Gaithersburg, MD, USA) at 42°C for 30 min. Reactions were then treated with 2.5 U RNase H for 10 min at 42°C. RT reactions were diluted 1:50 in sterile ddH 2 O, and 5 (il were used for first round PCR. RACE-PCR involved two rounds of PCR using nested gene specific upstream primers [hprt primers 3 (5'-CTGCTCCGCC-ACCGGCTTCC-3'), 5' hprt base # 1617, (Edwards et al, 1990) and B (5'-CCTGAGCAGTCAGCCCGCGC-3'), 5' hprt base # 1641, (Edwards et al, 1990) ] and nested RACE downstream primers [Ro(5'-TGCCACGCCACG-ACTATCATGCAG-3') and R, (5'-ACTATCATGCAGCGTCGCCAGCGT-3')]. PCR was carried out in RT buffer, except that dNTPs were at 200 nM and no DTT was included, with 2.5 U Taq polymerase (Boehringer Mannheim, Indianapolis, IN, USA) and 200 nM each of primers 3 and RQ for first round PCR, or 200 nM each of primers B and R) for second round PCR. First round hot start PCR contained an initial cycle of 94°C for 1 min, 61°C for 1 min and 72°C for 30 min followed by 30 cycles of 94°C for 1 min, 61°C for 1 min and 72°C for 3 min. First round reactions were diluted 1:50 in ddH 2 O and 1 nl was used as template in second round hot start reactions without the initial cycle containing a 30 min extension. PCR reactions were spun through Qia-quick spin tubes (Qiagen, Chatsworth, CA, USA), and products were visualized in 0.8% agarose gels. Gels were transferred to nitrocellulose and hybridized to hprt exon 2 PCR product (Gibbs et al, 1990) or hprt cDNA probe as described previously (Nicklas et al., 1989) .
DNA sequencing PCR products were excised from agarose gels and purified using the Geneclean // Kit (Bio 101, Vista, CA, USA). Each specific PCR product (50 ng) was prepared for DNA sequence analysis using the Taq DyeDeoxy Terminator Cycle Sequencing kit (ABI, Foster City, CA, USA) as directed by the manufacturer. DNA sequencing primers were sense primers annealing to hprt 
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5' upstream region (primer B, see above), to hprt exon 3 (E3S primer, 5'-TGACCTGCTGGATTACATCAAAGC-3'), 5' hprt base #16 696, (Edwards et al, 1990) , and exon 6 (E6S, 5'-TGCTTTCCTTGGTCAGGCAG-3'), 5' hprt base #34 971, (Edwards et al, 1990) . In addition, the following primers were used to obtain further downstream RACE product sequence for mutants LS535G M3 (5'-GAAATCTAAAGTATGCTCTCTGAT-3'), 5' base # 287 (GenBank U31732) and MF118 A4A10 (5'-CTTCAGGAACACATC-ACCATGC-3'), 5' base # 123 (GenBank U31734). Cycle sequencing products were purified by centrifugation through G-50 Sephadex spin columns (Promega, Madison, WI, USA), and sequences were determined using an ABI automated sequencer (model 373A; version 1.2.1). Sequence data were searched for similarity to known sequences using BLAST programs via the National Center for Biotechnology Information (NCBI) e-mail server. Sequences were searched using the blastn program against the non-redundant nucleotide sequence database (nr) and using the tblastx program against the database of expressed sequence tags (dbest) (Altschul et al, 1990) . DNA sequence data were submitted to GenBank; accession numbers are U31732-U31738.
Results
A total of 19 hprt 3' terminal deletion mutants (Table I) , four wild type (WT) clones, and six other control mutants were tested for the presence of /i/?rf-containing transcripts using the 3'RACE technique. Fifteen of the 19 mutants, all WT clones, and all control mutants supported amplification of one to four discrete products (examples shown in Figures 2A and 3A) . No PCR products were observed in the remaining four mutants' RACE-PCR reactions. The specificity of PCR products was determined by Southern blot using an hprt probe. In eight of the 15 mutants which supported RACE amplification, a single PCR product was determined to be specific (examples shown in Figure 2B ). No PCR products from the remaining seven mutants hybridized to hprt probe, i.e., they were non-specific PCR products. The WT cells produced a specific PCR product of the expected size for normal full-length polyadenylated hprt message (1.3 kb; Figure 2 , lane 2). Southern blot results from the six control hprt mutants, ranging from single base changes to internal deletions, showed a single specific RACE product of the expected size based on the mutation type for each with two exceptions (Figure 3A and B) . In the 6th lane of Figure  3 (exon 5 deletion mutant), two RACE products hybridized specifically to hprt probe, the upper band of expected size and a lower ~900 bp band. Because this lower band was an unexpected size and hybridized to hprt probe, it was sequenced. Results indicated that hprt exons 1-4 were linked to exons 6-9 as expected for an exon 5 deletion mutant. Additional sequence analysis of the hprt 3' untranslated region (3'UTR) of this product revealed that polyadenylation occurs 19 bp after a polyadenylation signal located at hprt base #41 802 (Edwards et al., 1990) in this smaller product. A second polyadenylation signal located at hprt base #42 072 is the commonly utilized signal which results in the 1.3 kb product. Previous studies have not reported utilization of the first polyadenylation signal, because almost all previous PCR of hprt cDNAs was performed using an anti-sense primer closely flanking exon 9. Thus, information on the length of the 3'UTR and polyadenylation signal utilized has previously been lost. In addition to this control mutant, another gave an unexpected result. In the 12th lane of Figure 3B (exon 6 deletion mutant), no band hybridized to hprt. This indicates that no specific RACE amplification of an hprt product was accomplished from this mutant possibly due to a low level of hprt mRNA. Therefore in contrast to the large deletion mutant data presented below, no /jprf-containing chimeric mRNAs were observed in these control mutants.
The eight large deletion mutants produced specific products of various sizes differing from WT (Figure 2 , lanes 4, 6-9) (Table II) . No 3'RACE products were observed in minus reverse transcriptase control reactions (examples shown in Figure 2 , lanes 3 and 5; Figure 3 ). Thus, 3'RACE products amplified from cDNA, not potentially contaminating genomic DNA.
Specific RACE products from seven large deletion mutants were sequenced using hprt cDNA sense primers (Table II , column 4) and in certain cases primers determined from a product's downstream sequence (Materials and methods). Five of the seven contain hprt sequence ending exactly at the 3' exon border of the last exon known to be present in the genomic DNA (based on previous Southern blot results, Table I ) followed by foreign sequence. Since it is extremely unlikely that the genomic breakpoint in these mutants occurred exactly at the splice site (and clearly did not in at least one mutant; see below), the chimeric mRNAs must have been created by a splicing process. Genomic RNA splice donor signals left intact at the last hprt exon/intron junction in these five mutants were utilized, in conjunction with downstream 'acceptor' sites brought into sufficient proximity by the genomic deletion, to produce processed chimeric transcripts (mutants LS535G M3 through MF223 IE4B4, Table II ). These acceptor sites could be simply the chance occurrence of a consensus site in 'junk' DNA or the acceptor site of a real exon of a gene telomeric to hprt. That splicing did occur is unequivocally demonstrated in the 10 kb deletion mutant MF408A M20 (Tables I and II) . The 117 bp segment directly 3' to hprt exon 8 in this mutant's RACE product exactly matches a genomic sequence 13 856 bp downstream of the normal hprt stop codon, 5' base # 55 357 (Edwards et al, 1990) . This sequence in WT genomic DNA is not directly adjacent to either hprt exon 8 or the microsatellite sequence following it in the RACE product. Thus, the only way to make the observed RACE product is by splicing at both the 5' and 3' ends of the 117 bp section. Study of the genomic sequence at these junctions reveals both a good consensus splice acceptor (CCAGCTAAITTTTGTATTTTTTTTTTTTTTTTGTAG, branch A underlined) and splice donor (GTAACTTTT) site in WT DNA flanking the 117 bp segment. Mutant MF223 IE4B4's hprt gene which contains a larger genomic deletion (50 kb, Table I ) is spliced directly to the same microsatellite (Table II) presumably because the region containing the 117 bp sequence is contained within the 50 kb deleted region of this mutant. This microsatellite element and all the foreign sequences observed in chimeric transcripts from the other mutants are not present in the hprt downstream sequence published by Edwards et al. (1990) . This is expected as the deletion sizes ranged from 10 to 1200 kb in the mutants analysed here, and the Edwards sequence only extends 10 kb downstream of the hprt coding region.
In contrast to the five mutants discussed above, the splice donor site at the exon 6/intron 6 border in mutant MF354 B7C1 is not utilized for RNA processing. Hprt exon 6 is followed by hprt intron 6 sequence in this mutant's cDNA. However, intron 6 sequence is interrupted after 189 bp by a polyadenylated tail (Table II) . The poly A region in the cDNA of this mutant is, in fact, 17 bp downstream of an AAUAAA polyadenylation signal. A cryptic polyadenylation signal found in hprt intron 6 must have been utilized in this mutant to form a polyadenylated, truncated mRNA. This signal is presumably not normally utilized in WT cells because splicing precludes polyadenylation. The last mutant, SS108 A10F1, has a RACE product containing hprt exons 1, 2 and only the 5' portion of hprt exon 3 [through hprt base # 16 738 (Edwards et al., 1990) ] which is followed by foreign sequence (Table II) . By genomic sequencing, we determined that the hprt-foreign DNA junction in this cDNA is identical to the genomic breakpoint junction in this mutant (data not shown). Thus, it is a unique case. In the formation of this deletion, the genomic break within exon 3 was apparently joined to a sequence which had a downstream splice donor site and/or polyadenylation signal.
Most mutant RACE products were completely sequenced (LS535G M3, LS637A M73, MF118 A4A10 and MF354 B7C1) which revealed downstream polyadenylation (polyAd.) signals. The automated sequencing data consistently were difficult to interpret following these sites. Between 17 and 25 nucleotides after each polyAd. signal, the DNA sequence data signal peaks always precipitously fell close to or below background noise levels. Several lines of evidence convinced us that this phenomenon indicated the beginning of the polyA tail of each product: (i) we always experience sharply reduced data signal levels in homopolymer A or T regions; (ii) the spacing after each product's polyadenylation signal was in the proper range for the beginning of polyadenylation; (iii) all 3'RACE products must end in a polyA tail (Frohman et al., 1988) ; and (iv) these decreases in data signal peaks occurred at the 3' ends of products as expected for polyA tails.
Because of the difficulty in sequencing regions (e.g. microsatellite DNA) in RACE products from mutants MF408A M20, MF223 IE4B4 and SS108 A10F1, complete downstream sequence could not be determined. Table II contains partial sequence data for each mutant transcript beginning with the last 10 bp of hprt sequence. All DNA sequence data were submitted to GenBank (Materials and methods).
The downstream foreign DNA sequences from aberrant hprt mRNAs were searched for potential open reading frames (ORFs) (listed in Table II , column 3) and for homology to known DNA sequences and expressed sequences. Mutant's MF118 A4A10 and MF408A M20 RACE products matched in DNA and protein databases to human Alu elements at the 70-90% identity level; LS535G M3's product matched to human LINE elements at the 75-85% identity level; and MF408A M20's and MF223 IE4B4's RACE products matched to other A( 2 _5)G(i_ 2 ) microsatellites at the 80% level. These unequivocal matches are indicated in Table II . Therefore, most hprt chimeric transcripts observed result from fusion into a repetitive Alu, LINE or microsatellite element. These elements must therefore contain competent (perhaps cryptic) splicing and polyadenylation signals. To our knowledge, this has not previously been shown for microsatellites.
Less strong matches were observed to the RACE products of LS637A M73 or SS108 A10F1. The best protein match was with SS108 AlOFl's product to a human lung cDNA, (GenBank accession # T34378) with 59% identity in a 27 amino acid overlap. Best DNA match was with LS637A M73's product to a Caenorhabditis elegans cDNA clone (GenBank # D27187) with 71% identity in a 60 bp overlap. Therefore, our two sequences are not identical to any known genes but may share short stretches of homology to these other sequences.
Potential ORFs of the non-hprt portion of RACE products were considerable (Table II) except for MF354 B7C1 which originated from hprt intron 6. ORFs are known to be present in repetitive elements, but the length of potential ORFs in LS637A M73 and SS108 A10F1 products would be unusual for non-repetitive 'junk' DNA.
Discussion
We have determined that ~l/3 of 3' terminal hprt deletions studied code for processed, chimeric transcripts. These transcripts are specific as they: contain hprt sequence, are not observed in WT cells or other types of hprt mutants, and vary in size between mutants. The data presented are sufficient proof that chimeric transcripts result from a subset of hprt large deletions which makes additional confirming analyses such as the ribonuclease protection assay unnecessary in this study. The RACE technique can recover two types of artefacts, PCR amplification from contaminating genomic DNA and non-specific amplification. We have eliminated each possibility in our analyses. Second, the example of mutant MF 408A M20 as described in the results section provides the most compelling case that these products are truly processed, chimeric transcripts.
These data disprove the simple expectation that extragenic gene structural mutations overwhelmingly will result in highly unstable run-off transcripts. The importance of this work is that it describes the transcription fate of DNA large structural alterations at a marker gene which likely mirrors events occurring at other biologically important loci. This is a first step in understanding the origin and true frequency of occurrence of fusion proteins in human cells.
Largely (four out of seven transcripts), transcripts result from fusion into a repetitive Alu, LINE or microsatellite element. We also observed one truncated hprt transcript resulting from utilization of a cryptic polyadenylation signal. The exact origins of the two remaining transcripts could not be determined with the available data. It is tempting to speculate that these two events represent gene fusions into previously undiscovered gene loci especially since the sequences contained ORFs implying they could be exons. However, other explanations would be fusion into pseudogenes or a region containing cryptic RNA processing signals. Future work is necessary to discriminate between these possibilities.
The strategy utilized in this study also provides new DNA probes (i.e. the foreign cDNA sequences from chimeric transcripts) which originate from the genomic breakpoint region in each mutant. These sequences may greatly simplify the cloning or PCR amplification of the respective breakpoint junctions. They are also additional hprt linked markers which are useful for the characterization of other hprt large deletions.
In a related study to ours, Barr et al. (1992) characterized the genomic breakpoints of a hamster fibroblast cell line 35 kb thymidine kinase (tk) deletion mutant. In this mutant, the breakpoint upstream of tk occurred in a WT genomic region containing a demethylated CpG island and DNase I hypersensitive sites which are both characteristics of an active gene region. In a similar study to ours, Urlaub et al. (1986) analysed Chinese hamster ovary cell dihydrofolate reductase {dhfr) large deletion mutants by northern blot. In this small sample, they observed no discrete dhfr message in three 3' terminal deletions although one contained traces of low molecular weight mRNA. The frequency of gene fusions and truncations will likely differ among genes because of a variety of reasons including possibly neighboring chromosomal regions which are unique for each gene.
The high percentage of large deletions which result in chimeric transcripts at the hprt locus raises the question of whether deletion breakpoints occur preferentially in regions containing competent RNA processing signals, e.g. transcribed regions. There is evidence, in fact, that transcription enhances V(D)J recombination (Oltz et al., 1993) and homologous recombination in mammalian cells (Nickoloff, 1992) . Perhaps transcription also stimulates gene rearrangement possibly by forming a more open DNA conformation accessible to DNA damage and/or mis-repair.
In summary, this work both demonstrates the utility of 3'RACE to detect mutant fusion message and demonstrates that the creation of fusion mRNA is not a rare result of extragenic structural mutations.
